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We have examined the specificity of binding of A/NWS/33 hemagglutinin (HA), exploring the effects of fucosylation, changing the Gal-
GlcNAc linkage between the second and third sugars, and binding affinity for a2,8-linked sialic acid. The HA of A/NWS/33HA–Tokyo/67NA
(NWS–Tok, H1N2) virus binds to 3V-linked sialyllactose with 10-fold higher affinity than 3V sialyllactosamine and 3-fold higher affinity than
6V sialyllactosamine. The P227H mutation in A/NWS/33(P227H)HA–A/Memphis/31/98NA (NWS–Mem/98, H1N2) results in sevenfold
lower affinity for 3V sialyllactose, but binding to 6V sialyllactosamine is unchanged. The apparent switch from 3V to 6V specificity is solely due
to a loss of Siaa2,3 binding. Fucosylation of the third sugar and changing the linkage between second and third sugars had little effect on
binding by NWS–Tok, but marked effects on A/NWS/33(P227H)HA–tern/Australia/G70c/75NA (NWS–G70c, H1N9) and NWS–Mem/98.
NWS–Tok, NWS–G70c, and NWS–Mem/98 bind to a2,8-bisialic acid with high affinity. NWS–Mem/98 can also bind to a2,8-trisialic
acid, but with lower affinity. Together, these data show that a2,8-linked sialic acid, fucosylation of the third sugar, and linkage between the
second and third sugars could play important roles in allowing efficient virus binding to its host cell. The finding that influenza viruses have
the potential to bind to a2,8-linked sialic acid is a new influenza virus–receptor interaction pathway.
D 2004 Elsevier Inc. All rights reserved.Keywords: Influenza virus; hemagglutinin specificity; Dissociation constant; a2,8-Sialic acidIntroduction
Sialic acids are acylated derivatives of neuraminic acid
(2-keto-5-amino-3, 5-dideoxy-D-nonulosonic acids) and are
widely distributed as components of cell surface glycopro-
teins and glycolipids. Usually, a single sialic acid caps the
terminus of a carbohydrate chain. However, sialic acids can
also join internally to form polysialic acids (polySA) by
a2,8-, a2,9-, or alternating a2,8-/a2,9-ketosidic linkages.
The polySA glycotope covalently modifies cell surface
glycoconjugates on cells as evolutionarily diverse as those
of microbes and humans. In mammalian tissues, neural cell
adhesion molecules (N-CAMs) were the first to be charac-
terized with polySA chains. Now, a2,8-linked sialic acids
are known to exist on many glycoproteins and some
gangliosides. They function in cell interactions and migra-0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: gillian-air@ouhsc.edu (G.M. Air).tion, adhesion, neural development, and as receptors (Bock
et al., 1980; Cunningham et al., 1987; Egan et al., 1977;
Nadanaka et al., 2001; Rutishauser et al., 1988; Takashima
et al., 2002).
Influenza virus initiates infection by binding of the viral
hemagglutinin (HA) to sialic acid on the cell surface.
Infection of desialylated cells occurs with varying effi-
ciency, depending on the virus strain, but sialic acid always
enhances infection (Stray and Air, 2001; Stray et al., 2000).
At the end of the infection cycle, progeny viruses are released
by the viral neuraminidase (NA). The activities of HA and
NAwere initially demonstrated by the ability of the virus to
agglutinate and elute from red blood cells. If neuraminidase
activity is blocked, sialic acids on the virus surface are bound
by the HA, resulting in aggregates of virus that cannot spread
to infect new cells (Liu et al., 1995; Palese et al., 1974). The
manner of linkage between terminal sialic acid and the
second sugar is an important determination in host specificity
of the HA of influenza virus. Human viruses preferentially
bind to sialic acid attached to galactose by an a2,6 linkage,
although avian and equine influenza viruses bind to a2,3Gal-
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2000). Alterations in receptor specificity were first described
when Burnet and Bull (1943) noted adaptation of influenza
viruses from ‘‘original’’ to ‘‘derivative’’ forms as clinical
isolates were passaged in embryonated chicken eggs. Many
of the following studies of receptor binding specificity used
specific sialyltransferases to reconstitute receptors on the cell
surface after removal of endogenous sialic acid by sialidase
treatment (Markwell and Paulson, 1980; Rogers and Paul-
son, 1983). However, the method is not very sensitive and
has some limitations due to relative instability of the red
blood cells and consequent difficulty in measuring residual
sialic acid, together with inefficient re-sialylation (Nobusawa
et al., 2000). Gambaryan andMatrosovich (1992) used 3V SL,
6V SL, and 6V SLN (Table 1) attached to a polyacrylamide
(PAA) carrier (Bovin et al., 1993) to assess the receptor-
binding phenotypes of H3N2 and H1N1 influenza viruses
isolated between 1983 and 1990. They measured competition
of the sialylated SL-PAA or SLN-PAA for binding of virus to
immobilized fetuin. However, fetuin contains a variety of
sialylated structures, making it difficult to compare results. In
later studies (Govorkova et al., 1999; Matrosovich et al.,
2000), viruses were bound to fetuin-coated wells and binding
of oligosaccharide-PAA compounds measured directly, but
the amount of virus bound to the fetuin was not reported and
is presumably variable.
Our assay to measure binding of influenza viruses to
sialylated oligosaccharides is similar, but virus is bound
directly to the microtiter plate wells and the amount of
bound virus was measured to allow comparison between
viruses. Mochalova et al. (2003) used the same method to
study receptor binding properties of recent human viruses.
As well as quantitative measures of exchanging the
Siaa2,3 and a2,6 linkage, we also tested the effects of
fucosylation, changing the Gal-GlcNAc linkage between
the second and third sugars, and binding specificity for
a2,8-linked sialic acid. We studied three reassortant viruses
containing the NWS/33 HA: NWS–Tokyo/67 (H1N2),
NWS–Memphis/31/98 (H1N2) in which the NWS HA
has a substitution, Pro227 to His227 (H3 HA1 numbering),Table 1
Biotinylated PAA-sialyloligosaccharidesa
Abbreviation Name Oligosaccharide structure
3V SL 3V Sialyllactose Neu5Aca2,3Galh1,4Glc
3V SLN 3V Sialyllactosamine Neu5Aca2,3Galh1,4GlcNAc
6V SL 6V Sialyllactose Neu5Aca2,6Galh1,4Glc
6V SLN 6V Sialyllactosamine Neu5Aca2,6Galh1,4GlcNAc
3V SLex Sialyl-Lewisx Neu5Aca2,3Galh1,4GlcNAc-Fuc
3V SLec Sialyl-Lewisc Neu5Aca2,3Galh1,3GlcNAc
3V SLea Sialyl-Lewisa Neu5Aca2,3Galh1,3GlcNAc-Fuc
8V TriSA Trisialic acid(2,8) Neu5Aca2,8 Neu5Aca2,8 Neu5Ac
8V BiSA Bisialic acid(2,8) Neu5Aca2,8 Neu5Ac
a We tested the effect on binding of (1) the sialic acid linkage (2! 3, 2! 6,
2! 8); (2) the third sugar (Glc or GlcNAc); (3) the linkage to the third
sugar (h1! 3 or h1! 4); (4) fucosylation.that changes the red cell binding properties (Yang et al.,
1997), and NWS-tern/Australia/G70c/75 (H1N9), which
has the same HA substitution as NWS–Mem/98 but which
also has a second sialic acid binding site on the NA,
designated HB of unknown specificity (Air and Laver,
1995; Yang et al., 1997).Results
Binding of a2,3 and a2,6-linked sialic acids to NWS/33
hemagglutinin of influenza virus
The microtiter plate assay allows titration of oligosac-
charides to measure their binding affinity to influenza virus.
Briefly, purified virus is adsorbed to the plate, which leaves
about 40% of the viral glycoproteins in native configuration
and able to bind ligand or substrate (Pruett and Air, 1998).
Binding of biotinylated multivalent oligosaccharides on a
polyacrylamide backbone (Bovin et al., 1993) was measured
with alkaline phosphatase-conjugated streptavidin. Negative
controls were set up with no virus for each oligosaccharide
concentration. The results in Figs. 1–4 show the specific
binding, after subtraction of the no-virus background (nega-
tive control), except Fig. 2A where raw data are shown so
the level of background can be seen to be low.
Binding curves are shown in Figs. 1–4, plotted as molar
concentration of the polyvalent oligosaccharide. The data
fitted the standard binding equation and apparent dissocia-
tion constants (Kd,app) were calculated as described in
Materials and methods. In Table 2, we show the Kd’s
calculated in two ways: directly from the curve-fit equation
and also from a Scatchard plot of the data. The final Kd was
the mean of the two numbers. Because each biotinylated
PAA molecule has 20 sialic acids, the concentrations were
multiplied by 20 to give average Kd’s of HA binding to each
sialic acid in Table 2. The relative numbers of binding sites
on HA expressed in terms of absorbance at 405 nm (Amax)
were calculated by both procedures and the average of three
experiments is shown in Table 3.
Fig. 1 and Table 2 show that the NWS HA of NWS–Tok
virus binds preferentially to 3V SL, as expected for an egg-
adapted virus. 3V SLN binds with lower affinity. However,
the numbers of binding sites (Amax) on HA for these two
compounds are similar, as would be expected. The binding
constants between 3V SL to HAs of NWS–Tok, NWS–
G70c, and NWS–Mem/98 are 9.2, 73.7, and 46.7 AM.
Therefore, the Kd’s of NWS–G70c and NWS–Mem/98
are approximately fivefold higher than NWS–Tok. The
HAs of NWS–G70c and NWS–Mem/98, which have the
P227H mutation, have substantially lower affinity to 3V SL
but binding to 6V SLN is unchanged. The final results could
be described as NWS–Tok prefers to bind to a2,3-linked
sialic acid while NWS–G70c and NWS–Mem/98 prefer
binding to a2,6-linked sialic acids, even though all viruses
bind equally well to a2,6-linked sialic acid.
Fig. 1. Binding of a2,3- and a2,6-linked sialic acids to NWS/33
hemagglutinin of influenza viruses. The viruses were immobilized on
microtiter plates using 32 HAU/well. Biotinylated PAA-oligosaccharides in
PBS were added into wells at increasing amount, and binding was
determined by adding alkaline phosphatase-conjugated streptavidin and
alkaline phosphatase substrate 104 from Sigma as described under
Materials and methods. Data show the mean F standard deviation (SD)
of triplicates. The line is the fit of the data to the binding equation,
generated using Kaleidagraph software. (A) NWS–Mem/98, (B) NWS–
G70c, (C) NWS–Tokyo.
Fig. 2. Binding of 8V BiSA and 8V TriSA to NWS/33 hemagglutinin of
influenza viruses. The binding was measured by ELISA as described under
Materials and methods and legend to Fig. 1. Data show the mean F SD of
triplicates. (A) Binding to 8V BiSAwith positive result and negative control
curves plotted separately, (B) binding to 8V BiSA, (C) binding to 8V TriSA.
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The most interesting finding is that NWS viruses can
bind to a2,8-polysialic acid. Fig. 2A shows the raw data
with direct readings and negative controls plotted separately.
The 8V BiSA can bind to all the three NWS viruses with high
affinity, equal or better than the Kd,app of binding to 6V SLN,but the number of sites in NWS–Mem/98 is about one-third
of those in NWS–Tok or NWS–G70c (Fig. 2B and Tables 2
and 3). Fig. 2C shows that the HA of NWS–Mem/98 can
bind to 8V TriSA with measurable but low affinity. The
binding sites on HA for the 8V TriSA compound are
increased compared to 8V BiSA, perhaps reflecting increased
accessibility of the 8V TriSA conjugate to the three binding
sites of the trimer. The 8V TriSA affinity is lower in NWS–
G70c although the sequence of HA1 is identical to NWS–
Mem/98, presumably because the binding by NWS–G70c
is influenced by the ‘‘HB’’ site on the N9 NA (Air and
Laver, 1995; Laver et al., 1984), which appears to bind to
8V BiSA fairly well and to 8V TriSA poorly.
To test if naturally occurring compounds with a2,8-linked
sialic acid can bind to this site, we tested the ability of
ganglioside GD3 (Neua2,8NeuAca2,3Galh1,4Glch1,1VCer)
to compete with binding of the PAA derivatives. As seen in
Fig. 3, ganglioside GD3 efficiently blocks the binding of
8V BiSA. From the Lineweaver–Burk plot of the data,
Fig. 3. Binding to a2,8-linked sialic acid can be inhibited by gangliosides
GD3. The binding was measured by ELISA as described under Materials
and methods and legend to Fig. 1. Ganglioside GD3 was 65 AM in the
reaction. Data show the mean F SD of triplicates. (A) Inhibition of binding
of NWS–Tok and NWS–G70c to a2,8-linked BiSA, (B) inhibition of
binding of NWS–Mem/98 to a2,8-linked BiSA and TriSA.
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tive inhibitor, which means ganglioside GD3 and a2,8-BiSA
bind to the same site on the HA.
Impact of changing the Gal-GlcNAc linkage
Sialyl-Lewisc (3V SLec) is an analogue of 3V SLN, but
with Galh1,3GlcNAc linkage instead of Galh1,4GlcNAc. 3V
SLec showed slightly improved binding over 3V SLN for
NWS–Tok and markedly higher affinity for NWS–Mem/98Table 2
Apparent dissociation constants (Kd,app) in terms of sialic acid (AM)a
Virus 3V SL 3V SLN 6V SL 6V SLN
NWS–Tokyo (H1N2) 7.6b 49.6 fc 19.0
10.8 110 25.4
NWS–G70c (H1N9) 77.4 >300 f 23.4
70 24.6
NWS–Mem/98 (H1N2) 54.4 162 f 18.3
39 f 17.8
a The figures are showing the binding of the biotinylated multivalent oligosacchar
constants of single sialic acid to the viruses. Each biotinylated multivalent oligos
b The upper numbers are from the curve-fit Eq. (6), the lower numbers are Scatc
triplicate wells. The curve-fitting was the average of three experiments.
cf means no binding, or affinity is too low to fit the curve.(Table 2 and Fig. 4). There was little difference in binding
NWS–G70c, affinities being too low to measure for both
compounds.
Fucosylation impact on binding to the NWS viruses
Fucosylation of the third sugar (GlcNAc) of 3V SLN
forms the sialyl-Lewisx (3V SLex) glycotope, and we there-
fore tested binding of fucosylated oligosaccharides (Fig. 4).
Fucosylation does not change the binding to NWS–Tok.
However, the changes in binding to NWS–G70c and
NWS–Mem/98 are quite obvious, lowering the Kd about
10-fold and 3-fold, respectively. Fucosylation of the
GlcNAc of 3V SLec, producing 3V SLea, has no effect on
binding to NWS–Tok, but binding to NWS–Mem/98
is abolished. For NWS–G70c, fucosylation of either
the h1,3- or h1,4-linked GlcNAc dramatically increases
affinity.
Fig. 5 shows additional control experiments. To test if
the virus binding is mediated by specific interaction with
sialic acid, some of the bound complexes were treated with
the broad specificity sialidase from Micromonospora viri-
difaciens (Mvi) (Fig. 5A). There is a time-dependent
decrease in binding, and by 4 h, there was complete
release of 8V polySA from NWS–Mem/98 and of 3V SL
from NWS–Tok. We tested binding of the PAA-oligosac-
charides to lectins of Maackia amurensis (known to bind
only 3V-sialylated complexes) and Sambucus nigra, which
binds to 6V-sialylated complexes. The lectin binding assay
(Fig. 5B) gave the expected results except that 6V SL was
not recognized by S. nigra lectin. We determined the levels
of biotin and of sialic acid in each of the biotinylated
PAA-oligosaccharides and found that the sialic acid con-
tent was 70–80% of the theoretical level of 20 mol/mol of
polymer (MW, 27000), although the biotin levels were
more variable at 40–100% of the maximum, assumed to
be close to the theoretical 5 mol/mol (Fig. 5C). The 6V SL
polymer had the expected amount of sialic acid, and
although the level of biotin was near the low end of the
range, that does not account for the lack of binding to S.
nigra lectin. We also measured virus bound to the plate8V TriSA 8V BiSA SLex SLec SLea
f 10.0 67.1 29.6 35
11.9 43.5 45.4 f
f 7.4 29.5 f 52.4
9.94 32.6 31.4
96.5 19.3 f 23.9 >300
62.5 27.2 65.2 46.2 >300
ide compounds to viruses although the tables here are showing the affinity
accharide compound has 20 sialic acid in its structure.
hard plots from Eq. (7). For each experiment, the data were averaged over
Table 3
Total binding sites: maximum absorbance at 405 nm (Amax)
Virus 3V SL 3V SLN 6V SL 6V SLN 8V TriSA 8VBiSA SLex SLec SLea
NWS–Tokyo 0.55 F 0.08a 0.94 F 0.14 fb 0.31 F 0.03 f 0.31 F 0.02 0.42 F 0.43 0.59 F 0.07 0.36 F 0.06
NWS–G70c 1.2 F 0.49 f f 0.84 F 0.17 f 0.23 F 0.02 0.16 F 0.03 f 0.53 F 0.19
NWS–Mem/98 0.32 F 0.09 f f 0.49 F 0.08 0.32 F 0.06 0.09 F 0.02 f 0.4 F 0.05 f
a The errors represent the standard error values of the curve-fit.
bf means no binding, or affinity is too low to fit the curve.
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‘‘core’’ components. The reading of all the NWS viruses
is very similar, showing that equal amounts of viruses are
bound to the plates (Fig. 5D). As described in the
Materials and methods, all the binding experiments were
performed on ice, where NA is not expected to be active.
To confirm this, we tested our three reassortant viruses for
binding to 3V SL, 3V SLN, and 8V BiSA with and without
neuraminidase inhibitor (GS4071) in the reaction. No
difference was found (data not shown).Fig. 4. Effects of fucosylation and changing the linkage between the second
and third sugars on binding of sialyloligosaccharides to influenza viruses
with NWS/33 hemagglutinin. The binding was tested by ELISA as
described under Materials and methods and legend to Fig. 1. Data show the
mean F SD of triplicates. The 3V SLN results to be compared are shown in
Fig. 1 and the results are summarized in Table 2. (A) NWS–Mem/98, (B)
NWS–G70c, (C) NWS–Tokyo.Discussion
Apparent dissociation constants for binding of
PAA-sialyloligosaccharides to HAs of influenza viruses
The apparent dissociation constants were calculated
using the binding equation, and also from the Scatchard
linear plot (Table 2). Because the variation in sialic acid
and biotin content of the polymers was no more than the
errors inherent in the experiment, we did not factor this
in to the Kd calculations. The Kd’s in Table 2 are
calculated in terms of a single monomer of HA binding
to a single sialic acid and so include cooperative effects
due to multivalency. For NWS–G70c and NWS–Mem/
98, the highest-affinity ligands are 6V SLN and 8V BiSA,
with Kd’s about 20 AM. NWS–Tokyo has a similar Kd
for 6V SLN (22 AM) but higher affinity for 8V BiSA (Kd,
11 AM) and 3V SL (9 AM). Elegant work from Rogers et
al. (1983) showed that a single amino acid substitution in
the receptor binding site of the X-31 hemagglutinin
(leucine HA1 226 to glutamine) results in a change in
linkage specificity from a2,6 to a2,3, although the
opposite mutation in a related stain (A/duck/Uklraine/1/
63) with a natural preference for the a2,3 linkage results
in a shift to an a2,6 preference (Rogers et al., 1985). Our
results show that the P227H mutation in the NWS HA
between NWS–Tok and NWS–Mem/98 reduces the
affinity for 3V SL and 3V SLN, with no effect on binding
to 6V SLN. Viruses with the P227H change therefore
show a preference for 6V SLN because they have lost
binding to 3V SL, not because they have gained binding
to 6V SLN. The recent report of the crystal structure of A/
PR8/34 HA bound to receptor throws some light on the
change in binding (Gamblin et al., 2004). PR8 binds
similarly to a2,3- and a2,6-linked sialic acid, as doesNWS–Tok, so the change of alanine in PR8 to proline in
NWS/33 has little effect on specificity. However, the
change of proline to histidine at 227 in NWS–G70c
and NWS–Mem lowers the binding of 3V SL with no
effect on 6V SLN (Table 2) perhaps due to steric effects
of the larger side chain interfering in the hydrogen bond
Fig. 5. (A) Binding of biotinylated PAA-sialyloligosaccharides to viruses is reduced by sialidase treatment. The viruses were immobilized on microtiter plates
at 32 HAU/well. After binding to biotinylated PAA-oligosaccharides (1.5 Ag/well), Mvi sialidase was added to the wells at 167 ng/Al in CaMg saline and plates
were incubated for 1 or 4 h at 37 jC. After washing, residual biotinylated PAA-oligosaccharide was measured by adding alkaline phosphatase-conjugated
streptavidin and alkaline phosphatase substrate 104. Data show the meanF SD of triplicates. (B) The lectin binding assay. Lectins (50 Al) were immobilized on
microtiter plates at 2 Ag/ml. Biotinylated PAA-oligosaccharides in PBS were added into wells at 1 Ag/well, and binding was determined by adding alkaline
phosphatase-conjugated streptavidin and substrate 104. Data show the mean F SD of triplicates. (C) Biotin and sialic acid content of PAA-
sialyloligosaccharides. Biotinylated PAA-sialyloligosaccharides were immobilized on microtiter plates at 1 Ag/well. The relative amount of biotin in the
sialyloligosaccharide was determined by adding alkaline phosphatase-conjugated streptavidin and alkaline phosphatase substrate 104. The maximum
absorbance seen was taken as 100% biotinylation (5 mol/mol polymer). The resorcinol–HCl–Cu2+ assay was used to estimate the sialic acid content of the
PAA-sialyloligosaccharides as described under Materials and methods. The results are calculated as percentage of the theoretical sialic acid content (20 mol/
mol polymer). Data show the mean F SD of triplicates. (D) Relative amounts of virus. Viruses coated on plates were captured at different dilutions by a high-
titer rabbit antiserum that recognizes the core components of virus. Then, the binding was determined by adding alkaline phosphatase-conjugated anti-rabbit
antibody and substrate Sigma104. Data show the mean F SD of triplicates.
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molecules in the complex of PR8 HA with oligosaccha-
rides containing 3V SL. We are not able to determine the
absolute number of binding sites, but the Amax for the
high-affinity compounds are about the same for NWS–
Tok and NWS–Mem/98. NWS–G70c has more sites, as
expected because of the extra binding site (HB) on the
N9 NA.
In our experiment, 6V SL could not bind to any of the
viruses. In a control experiment, the 6V SL could not even
bind to S. nigra lectin, which recognizes Neu5Aca2,6Gal/
GalNAc. There could be some conformational problem in 6V
SL-PAA-biotin that occludes the binding.
Fucosylation and variation in the Gal-GlcNAc linkage may
alter binding affinity
Crystal structures of HA with bound sialylated penta-
saccharides showed interactions between the HA of the
virus with two sugars beyond the sialic acid (Eisen et al.,
1997), and more recent structure determinations of H5 and
H9 HA show interactions with all five sugars of model
pentasaccharides (Ha et al., 2001). Therefore, we investi-
gated the effect on binding of fucosylation of the third
sugar and a change of linkage between the second and third
sugars. Fucosylation has no effect on binding to NWS–
Tok, whether the Gal-GlcNAc linkage is h1,4 (3V SLN and
SLex) or h1,3 (3V SLec and SLea). For NWS–Mem/98,
fucosylation of the h1,3-linked GlcNAc decreases affinity
10-fold, suggesting that the P227H mutation causes a
change in orientation of the oligosaccharide containing
the Galh1,3GlcNAc such that fucose interferes in binding.
For NWS–G70c, fucosylation with either SAGalh1,3-
GlcNAc or SAGalh1,4GlcNAc dramatically increasesbinding affinity. Because the HA sequence is identical to
that of NWS–Mem/98, this increased binding may be to
the HB site on the N9 NA of NWS–G70c. It has been
demonstrated using an overlay technique that gangliosides
containing 3V SLex and VIM-2 [Neu5Aca2,3Galh1,4GlcN-
Ach1,3Galh1,4(Fuca1,3)GlcNAc-R] glycotopes could
bind with strong avidity to influenza A/PR/8/34 (H1N1),
A/X-31 (H3N2), and Sendai virus (Muthing, 1996). En-
hanced binding of influenza virus to the 3V SLex ganglio-
side IV3Neu5Ac,III3Fuc-nLcOse4Cer compared to other
terminally sialylated but nonfucosylated monosialoganglio-
sides was also reported (Suzuki, 1994), although the
relative Kd’s were not determined in either case.
Binding of NWS HA to a2,8-linked sialic acid
Our most surprising finding is that all the NWS-reas-
sortant viruses bind to a2,8-linked sialic acid with affini-
ties similar, or better, than to 6V SLN. We confirmed that
the binding could happen in vivo because a natural
compound with 2,8-linked sialic acid, ganglioside GD3,
competed the binding (Fig. 3). One important control
shown in Fig. 5A is that under the sialidase Mvi treatment
for 4 h, the binding between the biotinylated PAA-sialylo-
ligosaccharides to viruses was abolished 80–100%, indi-
cating the binding is not due to the electrostatic
interactions with highly negatively charged polyvalent bi-
and tri-sialic acid compounds.
Binding of influenza viruses to a2,8-linked sialic acid
has not previously been reported. Suzuki et al. (1992)
investigated ganglioside receptors for influenza viruses
using a silica gel thin layer plate on which gangliosides
were separated. They found no reactivity between ganglio-
sides containing 8V polySA and PR8 influenza A viruses. It
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because they were only examining univalent compounds,
while in our assay we measure multivalent binding, known
to increase binding by 3–6 orders of magnitude (Pritchett
and Paulson, 1989). In addition, Suzuki used a single
concentration of both ganglioside and virus, and binding
would not be seen if the concentrations used were signifi-
cantly below the Kd. An early study examined the effect of
gangliosides on the binding and entry of influenza viruses to
Ehrlich ascites cell (Bergelson et al., 1982). They carefully
compared the four gangliosides:
GM2 (GalNAch1,4(Neu5Aca2,3)Galh1,4Glch1-1VCer),
GM1 (Neu5Aca2,3Galh1,3GalNach1,4Galh1,4Glch1,
1VCer),
GD1a (Neu5Aca2,3Galh1,3GalNach1,4(Neu5Aca
2,3)Galh1,4Glch1,1VCer),
GT1b (Neu5Aca2,3Galh1,3GalNach1,4(Neu5AcA
2,8Neu5Aca2,3)Galh1,4Glch1,1VCer).
Incorporation of ganglioside into the cell membrane
increased virus binding as measured by unbound HAU
in the supernatant. The efficiencies from high to low
binding were in the order GT1b, GD1a, GM1, and
GM2. There was a big improvement between GD1a and
GT1b. In addition to improvement in binding virus, GT1b
was the only ganglioside able to induce increased entry of
the virus into the cells and accumulation of viral RNA into
the nuclei. Bergelson et al. suggested that the GT1b
ganglioside reacts specifically with the virus protein re-
sponsible for membrane fusion and is thus involved in
virus penetration and delivery of the virus genome to the
nuclei. We believe that the effectiveness comes from the
8V BiSA of ganglioside GT1b because gangliosides with
only a2,3-linked sialic acids were not as effective. There
seem to be no investigations of a2,8-linked sialic acid on
MDCK cells in the literature, but influenza viruses can
bind to MDCK cells that have been treated with sialidases
that cleave a2,3- and a2,6-linked sialic acid, or with
periodate (Stray et al., 2000). The binding was signi-
ficantly decreased when a sialidase that also cleaves
the 2,8 linkage was used. Periodate attacks the vicinal
hydroxyl groups (on C7 and C8) of the glycerol side chain
of sialic acid, but when engaged in the 2,8 linkage, the
sialic acid is resistant to periodate.
NWS–G70c has special properties in that the N9 NA
possesses most of the HA activity. The HA activity of the
N9 NA is fourfold higher than of influenza virus HA of
the H1 subtype. Digestion with influenza NA (N9 or N2),
or with Salmonella typhimurium (Sty) or Vibrio cholerae
(Vch) neuraminidases, could not release the binding of
human red cells to N9 NA of NWS–G70c. The only
treatments of human red cells that abolished binding to N9
NA were digestion with Mvi or Arthrobacter ureafaciens
(Art) sialidases (Air and Laver, 1995; Laver et al., 1984).
Because Mvi and Art cleave the a2,8-linked sialic acidalthough Sty, Vch, and influenza NAs do not, this result
suggests that N9 NA might bind to a2,8-linked sialic acid.
Our results show that NWS–G70c and NWS–Mem/98,
with identical HA1 sequence, have different binding pro-
perties to 8V BiSA and 8V TriSA. From the difference, we
predict that the HB site on N9 NA binds preferentially to
8V BiSA.
Although extended homopolymers of sialic acid are
found on only a few glycoproteins associated with the
nervous system, it has recently been recognized that much
shorter polysialic acids, consisting of two or three units,
exist on many other glycoconjugates (Nadanaka et al.,
2001; Takashima et al., 2002). Because of their negative
charge and their wide occurrence in exposed positions of
cell-surface molecules, sialic acids function as key deter-
minants of oligosaccharide structures that may mediate a
variety of biological phenomena such as cell–cell commu-
nication, cell–substrate interaction, adhesion, and protein
targeting. Furthermore, oligosialic acids have been demon-
strated in several cultured mammalian cell lines that are not
of neural origin such as human myeloid cell line HL-60,
tetracarcinoma cell line PA-1, myoblastoma cell line
C2C12, and preadipose cell line 3T3-L1. In a recent study,
Nadanaka et al. (2001) applied highly sensitive immuno-
chemical and chemical methods to demonstrate the occur-
rence of a2,8 oligosialic acids on integrin a5h1 and
showed that the oligosialic acid on the a5 subunit of
integrin a5h1 plays important roles in cell adhesion to
fibronectin. The finding that influenza viruses have the
potential to bind to a2,8-linked sialic acid is a new
influenza virus–receptor interaction pathway, especially
the observed binding to 2,8 bisialic acid that is a better
mimic of structures likely to be found on human respiratory
tract cells.
The neuraminidase of influenza viruses does not cleave
the a2,8 sialic acid linkage, so apparently, influenza
viruses that do not elute from red blood cells are bound
by a2,8-linked sialic acid. However, if binding of HA to
2,8-linked sialic acid is significant, how does the virus
disperse at the end of the replication cycle? Although the
affinity is the same for 8V BiSA as for 6V SLN, the amount
of 6V and 3V SA on the cell presumably is considerably
higher than that of 8V SA, so the avidity for 8V SA may be
low enough for the virus to dissociate from receptors
when the 3V and 6V sialic acids are removed. Electron
micrographs suggest that virus aggregation in the absence
of neuraminidase, or in the presence of neuraminidase
inhibitors, is due to virus–virus interactions rather than
virus–cell interactions (Liu et al., 1995). The contribu-
tions of a2,8-linked sialic acid, fucosylation of the third
sugar, and changing the linkage between the second and
third sugars could play important roles in allowing effi-
cient virus binding to its host cell. The finding that
influenza viruses have the potential to bind to a2,8-linked
sialic acid is a new influenza virus–receptor interaction
pathway.
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Viruses and cells
The viruses used in this study were A/NWS/33HA–
Tokyo/67NA (NWS–Tok, H1N2), A/NWS/33(P227H)HA–
tern/Australia/G70c/75NA (NWS–G70c, H1N9), and A/
NWS/33(P227H)HA–A/Memphis/31/98NA (NWS–Mem/
98, H1N2). The viruses have been passaged in embryonated
eggs, and viruses grown in eggs were purified by centrifu-
gation through a 10–40% sucrose gradient (Laver, 1969).
Biotin-conjugated polyacrylamide oligosaccharides
The multivalent biotinylated PAA-oligosaccharides were
from Glycotech, with polymer MW of about 27000, theo-
retically containing 5 mol/mol biotin and 20 mol/mol sialic
acid. The 6V SLN was synthesized from biotinylated
Galh1,4GlcNAc-PAA (Glycotech), by the following meth-
od. The polymer, 0.8 mg, was dissolved in 400 Al of 50 mM
sodium cacodylate, pH 6.5. The solution was mixed with
5 Al of 10% Triton CF-54, 37.3 Al of 50 mM CMP-
NeuNAc, 2 Al of 1% NaN3, 10 Al of 50 mM sodium
cacodylate, pH 6.5, and 47.7 Al (50 mU) of a-2,6 sialyl-
transferase (ICN), and incubated at 37 jC overnight. The
product was desalted on a PD-10 column.
Hemagglutination and neuraminidase assays
For HA tests, viruses were serially diluted in 96-well
plates with calcium–magnesium saline (150 mM NaCl,
10 mM CaCl2, 0.5 mM MgCl2, pH 6.0) and an equal
volume of 0.5% chicken or human red blood cells added.
The plates were kept at 4 jC for 30–60 min and aggluti-
nation recorded. The plates were left at room temperature
and monitored for elution of virus from red cells (button
formation) for up to 24 h. The wells were then mixed to
disperse the red cells and placed at 4 jC for 1 h to determine
if elution was due to neuraminidase activity (no rebinding)
or to thermal motion disrupting weak binding (rebinds on
cooling). NA activity was determined by the thiobarb
method using 3V SL, 6V SL, or fetuin as substrate
(Aymard-Henry et al., 1973; Lentz et al., 1987), or by
fluorescence using 4-methylumbelliferyl-N-acetylneura-
minic acid as substrate (Potier et al., 1979).
Measurement of total sialic acid
The resorcinol–HCl–Cu2+ assay was used to estimate the
sialic acid level of the PAA-sialyloligosaccharides (Jourdian
et al., 1971). Briefly, a series of tubes were prepared con-
taining 1–12 nmol sialic acid in 0.3 ml of water. After
chilling on ice, 60 Al of 40 mM periodic acid was added. The
solutions were thoroughly mixed and allowed to stand on ice
for 30 min. After the addition of 0.75 ml of ice-cold
resorcinol–HCl–Cu2+ reagent, the solutions were mixed,placed on ice for 5 min, heated at 100 jC for 20 min, cooled
to ambient temperature, and 1.1 ml of 2-pentanol was added.
Vigorous mixing gave a single phase solution. The tubes
were centrifuged for 1 min at 1000  g. The absorbance was
determined at 630 nm.
Enzyme-linked assay for binding of influenza virus to
biotinylated PAA-oligosaccharides
Purified influenza viruses were diluted to 32 HAU per
50 Al in carbonate–bicarbonate buffer (0.15 M sodium
carbonate, 0.3 M sodium bicarbonate, pH 9.6) and coated
in the wells of ELISA plates at 4 jC overnight. The plates
were washed with PBS, blocked with 1% BSA in PBS for 1
h on ice, then dilutions of biotinylated PAA-oligosacchar-
ides in PBS were added to the wells. After incubation for 1
h on ice, the plates were washed, and 50 Al of alkaline
phosphatase-conjugated streptavidin at a dilution of 1:1000
in 1% BSA/PBS was added to each well. After incubating 1
h on ice and washing with PBS, 50 Al of alkaline phospha-
tase substrate 104 (Sigma) at 1 mg/ml in diethanolamine
buffer was added to each well, followed by incubation at 37
jC for 15 min. Absorbances were read on the microplate
reader (Molecular Devices) at 405 nm.
Data analysis
Apparent dissociation constants (Kd,app) for sialyloligo-
saccharides and HAs of influenza viruses were inferred from
fitting binding curves to Eq. (6) by KaleidaGraph software.
Definition of Kd : Kd ¼ V  O=VO ð1Þ
where V is the concentration of free virus, O is the
concentration of free oligosaccharides, VO is the concen-
tration of binding complex. If Vo is the concentration of
total virus and Oo is the concentration of total oligosac-
charides, we also know that,
Vo ¼ V þ VO ð2Þ
Oo ¼ Oþ VO ð3Þ
Nevertheless, when Oo is much more than Vo, we can
use the simplifying assumption that binding of the viruses to
the oligosaccharides has a negligible effect on the free
oligosaccharide concentration. Therefore, O is almost equal
to Oo and we can use Oo in place of O. If we make this
substitution in Eq. (1), we get:
VO ¼ Vo  Oo=ðKd;app þ OoÞ ð4Þ
Because the corresponding absorbency of VO, A, can be
given by Amax times the fraction of the viruses that is bound
to oligosaccharides,
A ¼ Amax  VO=Vo ð5Þ
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A ¼ Amax  Oo=ðKd;app þ OoÞ ð6Þ
Eq. (6) can be used to determine the apparent dissocia-
tion constants for binding between sialyloligosaccharides
and HAs of influenza viruses.
Eq. (6) can also be changed to
A=Oo ¼ Amax=Kd;app  A=Kd;app ð7Þ
This equation is used for Scatchard plot. We also fit our
data into this equation.Acknowledgments
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